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The composite assembled recyclable supporting structure is a type of newly developed supporting structure; it combines a
steel skeleton supporting structure with polymer waterproof technology. Based on the Niukouyu excavation project in
Zhengzhou, China, a three-dimensional finite-element model is established to simulate the excavation process using this type
of supporting structure. The effects of important design factors (foundation pit depth, length-to-width ratio and steel beam
interval) on lateral displacements and bendingmoments of the supporting pile in the worst scenario are analysed. The results
show that the composite assembled recyclable supporting structure can effectively control the deformation of the
excavation. The supporting pile has an inward deformationmode. Both maximum lateral displacement and bendingmoment
occur at about 0.8He (where He is the foundation pit depth) below the ground surface. The maximum lateral displacement of
the supporting pile ranges from 0.023% He to 0.12% He. Furthermore, a global sensitivity analysis is also conducted to
distinguish the relative importance of uncertain soil parameters (elastic stiffness and shear strength) on the system behaviour
in this Niukouyu project. It is found that the elastic modulus of soil dominates the supporting structure responses, while the
soil shear strength plays an insignificant role in determining the system behaviour due to negligible plastic deformations.
Notation
A, B two independent (N, k) matrices
c cohesion of soil
c2 cohesion of soil layer 2
c4 cohesion of soil layer 4
Dmax maximum lateral displacement
Dtop lateral displacement at the top of the pile
E elastic modulus
E2 elastic modulus of soil layer 2
E4 elastic modulus of soil layer 4
H excavation depth
He foundation pit depth
Hp actual length of the pile
h depth of the observation point
i length-to-width ratio in the initial model
L/B length-to-width ratio
Mmax maximum bending moment
n number of steel beams
R2 standard error measure
STj total effect index
yA, yB, yCj vectors containing model evaluations for matrices

A, B and Cj, respectively
a variation in the model response
g unit weight (kN/m)
n Poisson’s ratio
f soil friction angle
f2 soil friction angle of soil layer 2
f4 soil friction angle of soil layer 4

Introduction
Excavations have been widely used for the development of
economy and urbanisation. Many researchers have conducted case
studies (Blackburn and Finno, 2007; Liu et al., 2011), statistical
analysis (Li et al., 2015; Xu et al., 2008) and numerical
simulation (Cheng and Likitlersuang, 2018; Hsiung et al., 2018)
to investigate the mechanical and deformation characteristics of
traditional support structures such as diaphragm walls, row pile
support and pile-anchor support. According to the aforementioned
studies, traditional supporting structures can meet the requirements
of practical excavation of foundation pits, but they also have
many limitations, such as having a high cost, easily developing
cracks, being difficult to demolish and reducing the utilisation
efficiency of underground space.

Regarding the shortcomings of traditional supporting structures,
Wang et al. (2018) proposed a rigid–flexible composite recyclable
supporting structure that combines a steel skeleton supporting
structure with flexible waterproof polymers. This kind of composite
y guest on 20 September 2026
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assembled recyclable supporting structure has the advantages of
good stability, efficient construction process, recyclable usage and
low cost. Wang (2018) analysed the mechanical deformation
behaviour of a prefabricated recoverable row piles support structure
in an elliptical foundation pit. Pan et al. (2019) further applied this
type of composite recyclable supporting structure to a circular
underground granary, which proves its applicability in real projects.
However, rectangular foundation pits are more widely utilised in
reality. The mechanical and deformation characteristics of the
composite assembled recyclable supporting structure in rectangular
excavation are still not clear. Therefore, Guo et al. (2020) studied
the excavation-induced stresses and deformations of this
prefabricated recyclable rectangular retaining system. The in situ
measurements were used to calibrate the numerical simulation
where representative soil properties in the Zhengzhou region of
China were employed. While this study focused on the effect of the
pile embedded ratio and the thickness of the steel panel, the
influence of the geometrical size of the supporting structure, such
as depth and length-to-width ratio, and the uncertainty of the soil
profile on the structural behaviour were not evaluated, which can
serve as a guideline in engineering practice.

Combined with finite-element (FE) simulation, a parametric study
is normally carried out to study the relation between model
parameters and system behaviour. Finno et al. (2007) presented 150
sets of FE simulation results and found that when the ratio of the
excavated length to the excavated depth is greater than 6, plane
strain simulations yield the same displacements in the centre of the
supporting wall as those computed by three-dimensional (3D)
simulation. Hsieh and Chien (2018) performed a series of FE
analyses to study the relationship between the geometrical
parameters and model responses of a supporting system. They
pointed out that soil constitutive parameters dominate the soil
behaviour and have significant influence on excavation
deformation. Knabe et al. (2012) utilised local sensitivity analysis
(LSA) to evaluate the important soil parameters for geotechnical
problems. Miro et al. (2014) and Zhao et al. (2018) performed
global sensitivity analysis (GSA) to determine the key subsoil
parameters that influence the tunnelling behaviour. However, since
the composite assembled recyclable supporting structure has only
been proposed recently, research studies have rarely focused on the
influence of geometrical and material parameters on the mechanical
and deformation characteristics of the supporting structure.

Based on the Niukouyu foundation pit in Zhengzhou, China, which
has been described in the paper by Guo et al. (2020), a modified
3D numerical model of the excavation using a composite
assembled recyclable supporting structure is firstly established in
the present study. The Mohr–Coulomb (MC) model parameters are
determined by way of in situ and laboratory tests. The mechanical
and deformation characteristics of the supporting structure during
the excavation process are evaluated, and the range of maximum
lateral displacement of the representative pile is suggested. After
that, a parametric study is conducted to investigate the influences of
key factors (namely, foundation pit depth, the length-to-width ratio
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of excavation and beam interval) on the system behaviour of the
supporting structure. Finally, GSA is conducted to distinguish the
key soil parameters that affect the behaviour of the supporting
structure. This work aims to provide guidelines on the design and
construction of foundation pits using the composite assembled
recyclable supporting structure in similar projects.
Project background

Composite assembled recyclable supporting structure
The Niukouyu foundation pit is a part of the Yellow River
Diversion Project; it is located between Kexue Avenue and the ring
expressway in Zhengzhou, China (see Figure 1). This foundation
pit has a length of 7.5 m, a width of 4.65 m and a depth of 11.4m.
The composite assembled recyclable supporting structure is applied
to this foundation pit as shown in Figures 2 and 3. To be specific, it
consists of cement–steel piles, steel beams, a steel panel and
polymer grout. The pile has a length of 15.5m and a diameter of
0.6 m. Steel type HW350 is adopted in the pile and beam
construction. The steel panel has a thickness of 5 mm. Polymer
grout is injected to fill the gap between the steel panel and the
surrounding soil. Concrete type C30 is adopted in concrete slab
construction, and its thickness is 0.5 m. The in situ construction
process of the foundation pit is also shown in Figure 4.

Geological profiles
According to the in situ geotechnical investigation report, the soil
profile in the excavation zone can be categorised into five layers.
Excavation site

Imagery ©2020 CNES/Airbus, Maxar Technologies, Map data ©2020.

Figure 1. Satellite photographs of the excavation site (source:
Google Maps)
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The physical and mechanical properties of these soil layers are
presented in Table 1. It is worth mentioning that soil cohesion c
and friction angle f are determined by laboratory direct shear
tests; the elastic modulus E is determined by the oedometer test
for soil sample at a certain depth. Poisson’s ratio v is obtained
from the Geological Engineering Handbook (GEH, 2018). All
soil layers are assumed to have no dilatancy. According to the
survey report and monitoring results, no groundwater was found
in the excavation zone. Hence, the influence of groundwater level
is not considered in the present study.
232
Numerical simulation
In this study, the 3D excavation process of the Niukouyu
foundation pit is modelled by way of FE method (FEM) using
the commercial software Abaqus (version 6.14). The geometry
and mesh discretisation of the model is shown in Figure 5; only
one-fourth of the model is considered due to the symmetric
condition. The size of model is designed to be large enough to
avoid the boundary effect (Roboski, 2004; Zhao et al., 2015).
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Cement and gravel

Steel (type HW350)
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Figure 2. Plan view of the supporting structure; after Guo
et al. (2020)
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Figure 3. Section view of the supporting structure; after Guo et al. (2020)
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Figure 4. In situ construction process of the foundation pit:
(a) third excavation stage H = 7m (left); (b) fourth excavation
stage H = 10.9m
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In the present model, the total number of model elements is
18 402. The mechanical boundary conditions at the bottom
and outer boundaries of the model are defined by restricting
the deformations in the normal directions, while the in-plane
displacements are allowed. There is no mechanical fixity on
the top surface of the model, and the effect of groundwater is
not considered.

Constitutive modelling
In order to describe the soil behaviour, the MC model is adopted
in the present study, as limited experimental data are available.
Many parameters must be assumed when using an advanced
constitutive model (e.g. modified Cam Clay model and hardening
soil model). Uncertainties are inevitably induced in this process,
which may lead to unrealistic model predictions. In contrast,
although MC is a simple model, all the required constitutive
parameters have clear physical meanings and they are realistically
measurable in this Niukouyu project. As mentioned in the
previous subsection, the required model parameters are obtained
by way of laboratory tests, and the soil parameters are given in
Table 1. The pile, beam and steel panel are considered elastic
materials; therefore, the linear elastic model is applied to
reproduce their behaviour. For the sake of simplicity, the pile is
modelled as an equivalent rectangular pile (0.5 × 0.5 m) using
equivalent stiffness (Guo et al., 2020). The detailed material
parameters of the support structure are shown in Table 2.
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It should be noted that the soil, pile and concrete slab utilise the
3D solid eight-node element (C3D8) in the FE model. The beam
utilises the beam element (B31). The steel panel utilises the four-
node shell element (S4). In order to model the soil–structure
interaction, the surface-to-surface contact between the supporting
structure and the soil is taken into account in the FE model. The
normal contact utilises the hard contact algorithm, and the
tangential contact utilises the penalty function algorithm where
the frictional coefficient is defined as 0.35. It is assumed there is
no relative displacement between the pile and the steel panel, as
well as between the pile and the beam.

Excavation process
The excavation process of the designed foundation pit is divided
into five steps in reality to keep the deformation of the supporting
structure within the tolerance limit. This is shown in Figure 6. In
the numerical simulation, initialisation is firstly conducted to
generate the geostatic stress before installing the piles and steel
beam at the model surface. Thereafter, the first excavation step is
Table 1. Physical and mechanical parameters of the soil
Parameter
 Layer 1 (backfill)
 Layer 2 (silt)
 Layer 3 (silt)
 Layer 4 (silt)
 Layer 5 (silt)
Thickness: m
 2.5
 3.5
 1.0
 10.0
 1.2

Unit weight, g : kN/m
 17.0
 17.6
 17.7
 17.6
 18.0

Elastic stiffness, E: MPa
 3
 20
 35
 50
 60

Poisson’s ratio, n
 0.3
 0.3
 0.3
 0.3
 0.3

Cohesion, c: kPa
 5.0
 18.3
 22.0
 17.8
 22.0

Friction angle, f: °
 15.0
 19.1
 21.7
 23.4
 18.6
Steel plates

80
 m

Steel beams

Concrete slab

Piles

Z

X Y

80 m
80 m

Figure 5. Geometry of the numerical model
Table 2. Mechanical properties of the supporting structure
Parameter
 Pile
 Beam
 Panel
 Slab
Unit weight, g : kN/m3
 32.0
 78.0
 78.0
 24.0

Elastic stiffness, E: GPa
 36.2
 210.0
 210.0
 30.0

Poisson’s ratio, n
 0.2
 0.2
 0.2
 0.3
t on 20 September 2026
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conducted up to a depth of 3 m; subsequently, the steel beam is
installed at the design depth for this excavation step. By analogy,
the second, third and fourth excavation steps are conducted up to
depths of 5.0, 7.0 and 10.9 m, respectively. Finally, the concrete
slabs are installed by an additional 0.5 m depth of excavation.

Results and discussion
According to the geometrical size of the foundation pit, it can be
deduced that the middle cross-section at the length direction
(section A–A in Figure 2) has the worst scenario. In other words,
the largest deformation and structural forces in this cross-section
will be observed during the excavation process, which serves as
the guideline for structural design. Therefore, the lateral
displacements and bending moments for the pile closest to this
cross-section (representative pile A in Figure 2) are investigated
in the following sections.

Lateral displacements and bending moments of the
supporting pile during excavation
Figure 7 shows the lateral displacements and bending moments of
representative pile A during excavation. As seen, the lateral
displacements at the top of the pile are negligible due to the fact that
the steel beams are installed at the pile top before excavation. Inward
displacements of the pile (away from the surrounding soil) are
observed since the excavation started. With the excavation going
deeper, the maximum lateral displacement of the pile gradually
increases, and the corresponding position where the maximum lateral
234

wnloaded from ftp.​nowpublishers.​com/​jgere/​article-pdf/​7/​4/​230/​11852158/​jgere.​20.​00040en.​pdf b
displacement is observed continuously moves downwards. When the
excavation is finished (H = 11.4m, where H is the excavation depth),
the maximum lateral displacement of the pile is 3.8mm, which well
matches the field measurements of about 3mm (Guo et al., 2020).
Moreover, the position of the maximum lateral displacement of the
pile occurs at approximately 0.8H below the ground surface.

Figure 8 shows the maximum lateral displacements of pile A for
different scenarios (refer to the next subsection) compared with the
monitoring results in the literature. As can be seen, the ratio of the
maximum lateral displacement and foundation pit depth falls within
the range 0.023–0.120%. The measurements of other studies (Guo
et al., 2020; Pan et al., 2019) using the same supporting structure are
0.026 and 0.071%, respectively, which fall within the same range.
This range and the exact values are generally smaller than those
obtained by Clough and O’Rourke (1990) (0.2%) and Ou et al.
(1993) (0.2–0.5%). This can be attributed to the fact that the
geometrical size of the Niukouyu foundation pit is relatively smaller,
and the efficient construction process of the composite assembled
recyclable supporting structure results in less deformation.

Furthermore, it is found that the lateral displacement at the bottom
of the pile gradually increases with deeper excavation depths,
which is caused by the decreasing embedded depth of the pile
(Ou et al., 1993). The embedded ratio of the pile (defined as the
ratio of the length below the excavation surface to the length
above the excavation surface) decreases from 4.16 at the first
Steel beam

Steel beam

Steel beam

Steel beam

Concrete slab

Steel panel

Steel beam

Pile

(a)

(d)

(b)

(e)

(c)

(f)

Figure 6. Illustration of the in situ excavation process: (a) installation of piles and surface steel beams; (b) first excavation stage; (c) second
excavation stage; (d) third excavation stage; (e) fourth excavation stage; (f) final excavation stage
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excavation stage (H = 3 m) to 0.36 by the end of the final
excavation stage (H = 11.4 m).

According to Figure 7, during the excavation process, the
maximum bending moment of the pile gradually increases and its
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position moves downwards continuously. As seen, the position
where maximum bending moments are observed coincides with
the position where the maximum lateral displacement of the pile
occurs. This is because the bending moment is the second
derivative of its lateral deformation. Moreover, the positive
bending moments occur on the upper part of the pile above the
excavation surface due to the effect of active earth pressure and
inward movements of the pile, while for the lower part of the pile,
negative bending moments are observed. This is caused by the
restriction of the soil in the passive earth pressure zone;
subsequently, the bending moment distribution of the pile at the
beam position has an inflection phenomenon. To be specific, the
inflection point of the bending moment distribution always occurs
next to the excavation surface of the foundation pit, which is
attributed to the strong resistance effect of the newly installed
steel beam and the embedded pile. This is consistent with the
findings of Pan et al. (2019) using the same type of supporting
structure.

Influencing factors affect the lateral displacements and
bending moments of the pile
Based on the preliminary study, the authors find that the
foundation pit depth (He), length-to-width ratio (L/B) and number
of steel beams (n) play a vital role in determining the behaviour
of the supporting structure during excavation. Within this
framework, their influences on the deformation and bending
moments of representative pile A are investigated.
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Excavation stage 3 (H = 7 m)
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Figure 7. (a) Lateral displacements and (b) bending moments of the representative pile during excavation
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Effect of the foundation pit depth
As mentioned before, the embedded ratio of the pile is a key
parameter that controls its deformation and forces. In this part of
the study, the embedded ratio is kept constant as 0.36 (refer to the
previous section) when varying the foundation pit depth. In
addition to the initial model, another four scenarios are considered
where the foundation pit depth is 0.50, 0.75, 1.25 and 1.50 times
that in the initial model, to analyse the influence of the excavation
depth on the responses of representative pile A.

Figure 9 shows the lateral displacements and bending moments
of representative pile A with different foundation pit depths (He).
It should be noted that the vertical axis is normalised based on
the actual length of the pile (Hp) and h represents the depth of
the observation point. The number of steel beams and their
interval ratios in all scenarios are identical to those in the
initial model.

As seen in Figure 9, the lateral displacements of pile increase with
increasing foundation pit depth. The lateral displacement in the lower
part of the pile increases exponentially with a deeper foundation pit.
The authors further display the maximum lateral displacement of the
representative pile (Dmax) with increasing foundation pit depth in
236
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Figure 10. As can be seen from the figure, a polynomial equation
can well describe their correlation. This is consistent with the
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findings of Xu et al. (2018). As the steel beam is relatively rigid
compared with the deformable soil at the surface level, the
deformation at the upper part of the pile is restricted, while for the
deeper part of the pile, the lateral earth pressure increases and results
in larger displacements. For the bottom part of the pile that is
embedded in the soil, the lateral displacement is negligible.

By analogy, the bending moment of the pile also increases with a
deeper foundation pit. It is observed that the local inflection of the
bending moment distribution always occurs at the positions where
steel beam is installed. As the steel beam adopted in this project
has identical stiffness, lower and higher bending moments are
observed at the upper and lower parts of the pile, respectively.
Consider the earth pressure variation along the depth in reality; it
is suggested to apply a steel beam with relatively low stiffness at
the top of the foundation pit to save costs, while for the deeper
part of the foundation pit, a steel beam with a high stiffness
should be utilised to control the lateral displacements within the
tolerance limit. The supporting pile should be inserted into the
stiff soil layer (e.g. stiff clay and rock) to restrict the lateral
displacements of the pile. Additionally, it is found that both
maximum lateral displacement and bending moment occur at
about 0.6Hp below the ground surface, where Hp represents the
length of the pile (this coincides with aforementioned 0.8H).

Effect of the length-to-width ratio
Consider the 3D geometrical size of the foundation pit; the spatial
effect of the supporting structure should be taken into account. To
be specific, the middle plane in the length direction of the
foundation pit tends to plane strain condition when the length-to-
width ratio (L/B) becomes greater. In contrast, the spatial effect
becomes significant with small L/B values. Within this framework,
this part of the study aims to investigate the influence of the length-
to-width ratio on the responses of representative pile A.

Figure 11 shows the lateral displacement and bending moment
profiles of representative pile A under different values of L/B.
Here i represents the length-to-width ratio in the initial model, and
the width of the foundation pit is kept constant. As seen in
Figure 11, with increasing length-to-width ratio, the lateral
displacements of the pile gradually increase, and the position
where the maximum lateral displacement is observed moves
upwards. Furthermore, Figure 12 shows the maximum lateral
displacement with increasing length-to-width ratio. A logarithmic
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Figure 11. Effect of the length-to-width ratio on the (a) lateral displacements and (b) bending moments of the representative pile
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equation can be obtained to approximate their correlation.
Additionally, it is found that the lateral displacement at the upper
part of the pile increases faster with increasing L/B. This is
different compared with the result of Xu et al. (2018). They found
that the increasing rate of lateral displacement in the diaphragm
wall gradually decreases with the increasing length-to-width ratio.
This can be attributed to the lateral displacement of the upper part
of the pile being mainly restricted by the steel beams. When the
length-to-width ratio increases, the length of the steel beam also
increases. As the beam stiffness and the earth pressure are kept
constant, the deformation of the beam at the middle plane area
becomes larger based on the beam bending moment formula. In
addition, the lateral displacements for the lower part of the pile are
mainly restricted by the soil in the passive zone and the concrete
slab. With the increase in the L/B, the lower part of the pile
gradually reaches plane strain condition (Yu and Gong, 1999). In
other words, there exists a critical length-to-width ratio, beyond
which the spatial effect on the lower part of the pile behaviour can
be neglected. Therefore, the displacements at the lower part of the
pile gradually become stable with larger L/B values.

By analogy, with increasing length-to-width ratio, the bending
moments of the pile also increase as shown in Figure 11, while its
increasing rate reduces. This is due to the fact that the restriction
of the steel beam on the pile gradually becomes negligible with
higher L/B values.

Based on the preceding discussion, the design of the foundation
pit should take into account the spatial effect. When the length-to-
width ratio is relatively large, the spatial effect on the pile
deformation at the centre of the foundation pit is insignificant. It
is necessary to set the internal brace in the middle plane of the
supporting structure to reduce lateral displacements of the pile.
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In contrast, when the length-to-width ratio is relatively small, the
mechanical deformation of the supporting structure is significantly
restricted by the support at the sides of the foundation pit.
Generally, fewer steel beams can be applied to save costs.

Effect of the interval of the steel beam
Jiang et al. (2007) pointed out that irregular arrangement of
beams may cause too large stress and bending moments. In this
part of the study, five scenarios using different numbers of steel
beams (n) are considered to study the influence of the beam
interval on the lateral displacements and bending moments of
representative supporting pile A, and the results are shown in
Figure 13. It should be noted that steel beams are evenly
distributed along the depth in these five scenarios for the sake of
simplicity. The results of the initial model with uneven
distributions are shown as well for comparison.

As can be seen, with decreasing beam interval, the lateral
displacements of the pile reduce exponentially. When the interval
value reaches about 2.5 m (n = 5), the lateral displacements of the
pile tend to be stable, which means that it is no more economical
to reduce the interval for the purpose of having less deformation
of the pile. The authors further derive the maximum lateral
displacement of pile A with increasing number of steel beams in
Figure 14. As the figure shows, a logarithmic relationship is
found, and this is consistent with the aforementioned optimisation
of the beam interval from the economic perspective.

According to Figure 13, the bending moments of the pile decrease
with decreasing beam interval. It should be noted that when the
beam interval is more than 2.5 m, the bending moments of the
pile fluctuate significantly along the pile, which may damage
the pile due to stress concentration. When the beam interval is
less than 2.5 m, the bending moments of the pile become uniform
along the entire pile. In addition, when beams are installed at the
top and bottom of the foundation pit only (n = 2), the inflection
point of the bending moment occurs at about 1 m above the
bottom of the foundation pit, which is different compared with
other scenarios. This is related to the large deformation of the soil
in the passive earth pressure zone. With decreasing beam interval,
the inflection point of the bending moment distribution gradually
returns to the bottom of the foundation pit. In other words, the
distribution of the bending moment can be optimised by changing
the beam interval in the design stage.

Sensitivity analysis
In the previous sections, the influence of geometrical parameters
of the supporting structure on the model responses has been
investigated. However, uncertainty of soil properties is inevitable
due to the heterogeneity of the soil domain and limited borehole
information based on in situ investigation. Therefore, it is
necessary to study the effect of soil stiffness and shear strength on
the supporting structure behaviour. In this section, sensitivity
analysis (SA) is conducted to evaluate the relative importance of
soil parameters in determining the model responses.
y = 22.84ln(x + 6.64) – 42.54 (R2 = 0.99)
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Figure 12. Effect of the length-to-width ratio on the maximum
lateral displacement
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Global sensitivity analysis
There are two main concepts of SA – namely, LSA and GSA. For
LSA, the partial derivatives of the model response with respect to
related input variables are evaluated at a given point in the
parameter space. If the relationship between input and output
values is non-linear, the sensitivity information obtained by this
method is highly dependent on the given local point and step size
in numerical calculation of the derivatives (Iott et al., 1985;
Rohmer, 2014). Hence, it is questionable to apply the LSA result
to the whole parameter space under consideration. Additionally,
only one parameter is varied in each evaluation; the coupled
effect between different parameters is not considered. While the
GSA explores the whole input space of related parameters, the
reliability of results is not affected by the nature of the model.
Moreover, it evaluates the uncertainty contribution not only from
the variation of a specific parameter itself but also from the
correlated variations of other parameters. GSA can be applied to
estimate accurately the sensitivity of parameters within the whole
input space. In this paper, the variance-based method (Sobol,
1993) of GSA is applied to study the model response uncertainty
due to the input parameter uncertainty; the total effect index STj
(Jansen, 1999) can be presented as
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STj ¼
yB − yCj

� �T
yB − yCj

� �

2yTByB − 2n yBð Þ21.

where A and B are two independent (N, k) matrices, each
containing N random samples of the input parameter vector Z =
Z1, Z2, …, Zk. For matrix Cj, its columns are copied from matrix
B except the jth column copied from the corresponding column in
A. yA, yB and yCj are vectors containing model evaluations for
matrices A, B and Cj, respectively. yA and yB are the mean values
estimated from the components of yA and yB, respectively.

According to the soil layer distribution and geometry of the
supporting structure, soil layers 2 and 4 are selected as the layers of
interest. Subsequently, the elastic stiffness (E2, E4), cohesion (c2,
c4) and friction angle (f2, f4) in these two layers are considered
uncertain soil parameters to conduct GSA. The corresponding
ranges of these parameters are given in Table 3, which is based on
engineering judgement and the Geological Engineering Handbook
(GEH, 2018), while for the model responses, the maximum lateral
displacement (Dmax) and maximum bending moment (Mmax) of the
pile as well as the lateral displacement at top of the pile (Dtop) are
selected, as these are a key system behaviour that should be
maintained within the tolerance limit during construction.

Metamodel
The GSA adopted in this paper requires thousands of model
evaluation (runs) to generate the input parameter matrix. In
addition, the investigated foundation pit model constitutes a 3D
FE simulation of a complex excavation process, which needs
significant computation time for each single run. Therefore, it is
reasonable to substitute the FE simulation model with a
metamodel that provides appropriate responses at the predefined
observation points. Within this framework, the authors followed
the approach proposed by Buljak (2012) and Khaledi et al.
(2014). Proper orthogonal decomposition combined with a radial
basis function has been employed to construct the metamodel. By
doing so, 80 sample points from the design space of input
parameters are generated using the Latin hypercube sampling
technique. After that, the corresponding outputs that are related to
the lateral displacement and bending moment of the pile were
computed directly by using the FE model. Thereafter, a
metamodel is created based on these sets of input and output
240
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values. The accuracy of the constructed metamodel has been
evaluated through additional 20 validation points and determined
by the standard error measure R2, which verifies the overall
performance of the metamodel, where in the best approximation,
R2 is close to 1. In this study, R2 = 0.96.

Results and discussion
Figure 15 shows the GSA result with respect to the initial
foundation pit model described in the section headed ‘Numerical
simulation’. As can be seen from the figure, the elastic stiffnesses
of these two layers are the key parameters. Dtop is dominated by
elastic stiffness in soil layer 2, as this layer is closer to the model
surface. In contrast, as the maximum lateral displacement and
bending moment of the pile are observed in soil layer 4, E4 is the
key parameter in determining Dmax and Mmax.

It is worth mentioning that cohesion and friction angle are key
parameters in determining the yield surface in soil constitutive
modelling. However, Figure 15 shows that c and f have
negligible effect on the pile behaviour. The possible reason is that
the lateral displacement of the supporting pile is small and both
the active and passive earth pressures are not fully mobilised;
thus, the soil stress does not reach the MC yield surface. The
influence of soil strength is negligible, and the soil elastic stiffness
dominates the system response. Therefore, it is valuable to study
the soil elastic and plastic deformation during excavation in detail.

One of the models used to train the metamodel is selected, where
E2 = 19.4MPa, c2 = 17.1 kPa, f2 = 19.2°, E4 = 25.2MPa, c4 =
24.1 kPa and f4 = 17.5°. Figure 16(a) shows the variation in the
Dtop and maximum plastic strain of the soil with reduction in the
shear strength of soil layer 2. As seen, the plastic deformation in
the entire domain is almost not affected by the shear strength in soil
layer 2; this is related to the fact that the maximum plastic strain in
layer 2 is less than 0.04 even with 50% reduction in c2 and f2. This
coincides with the Dtop being not sensitive to c2 and f2.
Table 3. Lower and upper bounds of constitutive parameters for
the MC model
Soil layer
 Parameter
 Lower bound
 Upper bound
 Unit
Layer 2
 E2
 8
 45
 MPa

c2
 15
 25
 kPa

f2
 17
 24
 °
Layer 4
 E4
 8
 45
 MPa

c4
 15
 25
 kPa

f4
 17
 24
 °
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By analogy, Figure 16(b) shows the variation in the maximum
lateral displacement and bending moment as well as maximum
plastic deformation with reduction in c4 and f4. As seen, Dmax

and Mmax increase rapidly with decreasing shear strength of soil
layer 4, which coincides with the larger plastic strain observed
around the foundation pit as shown in Figure 17.

According to the preceding discussion, almost all the soil
deformations are within the elastic domain without shear strength
reduction. This is consistent with the GSA result that elastic
stiffness dominates the pile behaviour in the present study. This
also implies that the adopted composite assembled recyclable
supporting structure is able to control well the deformation of the
surrounding soil with respect to the design criteria.

Concluding remarks
Based on the Niukouyu foundation pit project, this work studied
the mechanical and deformation characteristics of the composite
assembled recyclable supporting structure by way of a 3D FEM.
The influencing geometrical factors that affect the structure
behaviour were investigated, and the GSA of uncertain soil
properties on system behaviour was carried out. Based on the
analyses performed in the present study, the following conclusions
can be outlined.
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Figure 16. Effect of shear strength reduction for (a) soil layer 2 and (b) soil layer 4 on model responses
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■ The lateral displacements of the supporting pile have an
‘inward’ deformation mode. The range of the maximum
lateral displacement of the representative pile is 0.023–0.12%
He (He represents the foundation pit depth), which is slightly
less than that using a traditional supporting structure (more
than 0.2% He). The composite assembled recyclable
supporting structure can effectively control the deformation of
the foundation pit with respect to design criteria.

■ With increasing foundation pit depth, length-to-width ratio
and beam interval, the lateral displacements and bending
moments of the pile gradually increase. Both the maximum
lateral displacement and bending moment occur at about
0.6Hp (Hp represents the length of the pile) below the ground
surface. An increasing length-to-width ratio of the excavation
induces larger lateral displacements at the upper part of the
pile. When the steel beam interval value reduces to about
2.5 m, the lateral displacements of the pile tend to be stable; it
is not more economical to utilise more beams for the purpose
of having less deformation of the supporting structure.

■ The GSA result indicates that soil elastic stiffness dominates the
mechanical and deformation characteristics of the supporting
structure due to the fact that the lateral displacement of the
supporting pile is small and both the active and passive earth
pressures are not fully mobilised. Thus, the soil stress does not
reach the MC yield surface. Nevertheless, the GSA method can
be applied in any other problem where uncertainties of soil
constitutive model parameters need to be evaluated.
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